A technique is described for ensemble-averaging the light wave emerging from a turbid medium, enabling the recovery of optical information that is otherwise lost in a speckle pattern. The technique recovers both an amplitude and a phase function for a wave that has been corrupted by severe scattering, without the use of holography. With the phase estimated, an ensemble-averaged field is constructed that can be backprojected to form an image of the object obscured by the scattering medium. Experimental results suggest that the technique can resolve two object points whose signals are unresolved on the exit surface of a diffuser.
Introduction
For decades researchers have tried to image optically through highly scattering, or turbid, media. Turbid media are characterized by correlation lengths comparable with or smaller than the optical wavelength, some examples of which are suspensions and biological tissue. Several well-known techniques have been used to form images of objects obscured by turbid media 1, 2 ; however, these techniques do not recover useful phase information about the object. If both amplitude and phase information could be recovered, imaging through turbid media would be improved.
Ensemble-averaged imaging is a technique capable of forming complex ͑i.e., amplitude and phase͒ images of objects obscured by highly scattering media. With this technique both an amplitude and a phase function can be recovered for a wave that has been severely scattered. The method produces an ensemble-averaged wave function of the form A exp͑ j ͒, where A and are obtained from averages over the ensemble of scattered wave functions. With the recovered phase information it is possible to backproject and form an image of the obscured object. The technique can operate in coherent light 3 or can be combined with coherence gating 4 to further improve imagery through turbid media.
In a previously described ensemble-averaging technique, 3, 4 the recovery of phase information is computer intensive and includes recording on a CCD camera of hundreds or even thousands of holograms. Each hologram records the amplitude and phase of the spatially coherent field emerging from the turbid medium. This field is a high-contrast speckle pattern, and extensive averaging is required to recover information about the obscured object. Averaging to obtain a speckle-free amplitude distribution A is straightforward, but a noise-free phase is difficult to obtain. A phase-unwrapping procedure must be performed on each hologram before proceeding with the averaging, and phase unwrapping in the presence of the massive speckle noise is difficult, although it has been performed successfully.
We describe here an alternative technique to recover phase information and images through turbid media. This technique does not rely on holography, avoids the phase-unwrapping process, and carries out averaging without having to record individually each of the ensemble elements.
Technique
The ensemble-averaged imaging technique described in this paper involves recording the ensembleaveraged intensity distributions formed by a modified Shack-Hartmann wave-front sensor ͑SHWS͒. [5] [6] [7] [8] [9] First we describe the operation of the wave-front sensor as it works in unscattered light and then consider the effects of a scattering medium and the ensembleaveraging process. To conclude the section we point out limitations of the imaging capabilities of the wave-front sensor.
The SHWS directly measures the phase slope, or local spatial frequency, of a wave as a function of position. With reference to Fig. 1 , a segment of a coherent wave-front propagating in a direction with respect to the z axis is described as having a local spatial frequency f l ϭ sin ͞, provided that the phase curvature of the wave is not too large. The local spatial frequency of a wave at a point ͑x, y͒ thus can be determined by measurement of the direction of the ray emanating from that point. This is often done interferometrically. The SHWS is an alternative to interferometry, consisting of a small aperture in front of a lens or a lenslet array, which samples the wave front. The intensity distribution in the focal plane then reveals the ray directions at the sampled points.
For the purpose of the present discussion, we let the object be a point radiator P, and we drop the y dimension; extension to two lateral dimensions is straightforward. In the absence of a scattering medium the illumination is a spherical wave centered at the object point. For determining the shape of the wave front, the light is sampled at coordinate x and collected by the lens L 1 , thereby forming a Fraunhofer diffraction pattern, or Fourier transform, at the lens focal plane ⌺ 1 . The mean spatial frequency, or center-of-mass frequency, of the Fourier intensity distribution corresponds to the average ray direction of the object wave front over the sampling aperture. It is assumed that the ray direction of the object wave front changes slowly as a function of x, so the wave front across the sampling aperture can be regarded as nearly planar. Specifically, if w is the dimension of the aperture we assume that 2͉‫ץ‬f lx ͞‫ץ‬x͉ ϭ ‫ץ͉‬
The width of the Fourier distribution is determined by two factors: the local spatialfrequency variation, if any, across the sampling aperture and the aperture dimension. In general, the narrower the width of the Fourier distribution, the more accurately can the center-of-mass frequency be determined.
In this manner ray directions are acquired for sampled coordinates across the wave front. The wave front can then be constructed if a curve normal to the ray directions is drawn. Alternatively, the phase ͑x͒ of the wave can be estimated at the sampled points by use of a method for discrete data 10 that is based on
(
There remains the question of the required sampling rate. Obviously, if the wave front is known to be spherical, then only two samples are needed; the rays determined from the samples backproject to the location of the point radiator. A general object wave front that doesn't vary too rapidly with x presents a conventional sampling problem, and the sampling rate depends on the rate of wave-front variation.
When a scattering medium is present the emerging wave front becomes highly irregular. The ray direction at each coordinate becomes a random variable, and the intensity distribution in the Fourier transform plane from a sampling aperture becomes speckled and considerably broadened. Gonglewski et al. 6 demonstrated the use of a SHWS for the reconstruction of speckle fields; however, the phase discontinuities that occur limit the quality of the reconstructions. Rather than an individual speckle field, we sample a series of speckle fields or elements from the ensemble of scattered wave functions, as naturally occurs if the ergodic scattering medium is fluctuating in time, for instance, with living tissue or particles suspended in a fluid. For these materials the stability, or coherence, time may be of the order of several milliseconds. With static scattering material such as chicken tissue, which is sometimes used in experimentation, mechanical stimulation will be required. With a long exposure time the intensity distribution in the output plane of the wave-front sensor, which is called the ensembleaveraged Fourier transform ͑EAFT͒, is smooth, although it remains broadened. Furthermore, if the light is symmetrically scattered about its original direction, the center-of-mass frequency of the sample EAFT will still reveal the average ray direction of the object wave front at that sampling coordinate. The average ray direction cannot be determined with the same accuracy as in the unscattered case, however, because it now must be extracted from an ensembleaveraged distribution, which is considerably broadened. As the scattering process becomes more severe, as would occur for a thicker medium, or as the meanfree path decreases, the sample EAFT distribution becomes still broader, and the center-of-mass frequency becomes more difficult to determine. Eventually a uniform distribution results, and wave-front recovery becomes impossible. Combining the technique with time gating would, however, extend its applicability to more severely scattering media, since the first-arriving light, which is used in time gating, is less severely scattered than the rest of the light and would thus produce a narrower EAFT distribution.
There remain the questions of the optimum sampling-aperture dimension and sampling rate in the presence of the scattering medium. The rapid variations present in each ensemble-element wave front cannot be reconstructed accurately by the wavefront sensor, even with an arbitrarily small sampling aperture and a high sampling rate. However, our aim is not to record each speckle wave front but rather to recover the object wave front that underlies the speckle. Because it smoothes the speckle, ensemble averaging permits the sampling-aperture dimension and sampling rate to be chosen on the basis of the underlying object signal. The procedure is therefore to form an ensemble average and maintain the same sampling requirements as in the absence of the scattering medium. The wave-front sensor must be modified from the conventional lenslet array to sample the scattered wave at one spatial coordinate at a time to avoid cross talk between the broad Fourier distributions from adjacent sampling points.
The ensemble-averaged phase of the scattered field is estimated at the sampled points by use of the ensemble-average form of Eq. ͑1͒:
where f lx ͑x͒ is some statistical measure of the sample EAFT distributions, for instance, the center of mass. Under certain conditions it is advantageous to use an alternative statistical measure, such as the most probable, or mode, frequency for f lx ͑x͒.
With the phase thus estimated, backprojection can be used to form a complex image of the object obscured by the scattering medium, as in the previously described holographic ensemble-averaged imaging technique. 3, 4 The holographic technique has the disadvantage that phase unwrapping of an extremely noisy signal is required, as well as the recording of thousands of holograms. This procedure is necessary because phase unwrapping, and thus holographic recording, must be done before ensemble averaging. In the technique described here the averaging is done during the recording process, and the determination of the ray direction and thus the shape of the wave front, which is in this technique the counterpart of phase unwrapping, is done after averaging. The modified wave-front sensor used for the present technique operates by scanning the sampling aperture over the scattered field, and thus the ensembleaveraged phase is acquired at a limited number of sampling points-far fewer than are used in the holographic technique. However, multiplexing, i.e., sampling at many points simultaneously, might be possible for the recovery of two-dimensional wave fronts, which is highly desirable, since otherwise the data-acquisition time would become inconveniently long.
Another difference between the two ensembleaveraged imaging techniques is in the types of wave fronts that they can recover accurately. The holographic technique requires a spatial filter to narrow the spatial-frequency content of the scattered wave so that a CCD camera can resolve the speckle; thus the technique can recover only object signals of a rather limited spatial-frequency bandwidth. However, although the wave-front sensor technique is able to recover broadband object signals, it can recover only those with a limited phase curvature ‫ץ‬ 2 ͞‫ץ‬x 2 , which is generally true of Shack-Hartmann sensors. We give an example to illustrate this point.
The operation of the wave-front sensor relies on the conversion by a lens of each local spatial frequency of the object wave into the corresponding Fourier component, which can be recorded in the focal plane of the lens. However, the Fourier power spectrum is not always identical to the distribution of local spatial frequencies in the wave 11 ; good agreement between the Fourier spectrum and the local frequency distribution can be expected only if ‫ץ͉‬ 2 ͞‫ץ‬x 2 ͉ Ͻ Ͻ 1͞ 2 at every point. Also, if this condition is not satisfied the wave-front sensor cannot accurately reconstruct the wave front, regardless of the sampling parameters.
Consider attempting to reconstruct, in the absence of scattering, the object wave produced by two coherent plane waves, one normally incident on the wavefront sensor with amplitude 1 and the other incident at a spatial frequency of 150 mm Ϫ1 with amplitude 2. The resultant wave front oscillates rapidly in space, as shown in Fig. 2͑a͒ . The phase curvature of this wave reaches 34,000 mm Ϫ2 between adjacent maxima and minima of the intensity fringe pattern, and the condition ‫ץ͉‬ 2 ͞‫ץ‬x 2 ͉ Ͻ Ͻ 1͞ 2 does not hold at optical wavelengths. With a sampling aperture of dimension w, the intensity distribution in the sensor focal plane will be proportional to (3) where x is the location of the sampling aperture. The rect function imposes the cutoff f c of the wavefront sensor optics. We choose f c ϭ 400 mm Ϫ1 for this example, which is comparable to the cutoff of our experimental sensor.
In Fig. 2͑b͒ the wave-front sensor measurements of the local spatial frequency are shown as obtained by computation of the center of mass of the distribution of Eq. ͑3͒ for each sampling point x. The results of the wave-front sensor measurements are strongly dependent on the size of the sampling aperture w, which is optimized for Fig. 2͑b͒ to give results that are closest to the true local spatial-frequency values. The data shown in Fig. 2͑b͒ imply that the center of mass of the distribution of Eq. ͑3͒ underestimates the higher local spatial frequencies found in the wave. This occurs because the highest Fourier components that are present in the distribution of Eq. ͑3͒, which serve to pull up the center of mass of the distribution, are limited by the cutoff at f c . Therefore, the higher local spatial frequencies of the wave cannot be accurately measured by the wave-front sensor, even if the sampling aperture is made arbitrarily small. Here we have a case in which the wave-front sensor fails, although there are no phase discontinuities or amplitude zeroes in the test field.
As noted in Section 1, in the presence of an obscuring turbid medium, ensemble averaging permits the sampling parameters of the wave-front sensor to be chosen on the basis of the underlying object wave front. Therefore the limitations of the wave-front sensor's imaging capabilities in unscattered light will carry over to the ensemble-averaged imaging technique. The presence of scattering introduces additional limitations on the imaging capabilities.
Results

A. Computer Simulation
In addition to optical implementation we performed a computer simulation of the ensemble-averaged Shack-Hartmann imaging technique. The simulated scattering medium was 20 mm thick, consisting of three random phase plates, each separated by 10 mm, and modeled as random phase functions uniformly distributed from Ϫ to . The object to be imaged was a double slit located at the entrance surface of the diffuser and illuminated by a plane wave ͑ ϭ 632.8 nm͒ at normal incidence. The computer performs a numerical Fresnel propagation of the object field through the random phase plates, producing one realization of the scattered field at the exit surface of the diffuser. This field is sampled with a restricting aperture and numerically Fourier transformed with a scaling factor of 180.6, simulating the operation of an 8.75-mm-focal-length lens. The Fourier intensity distribution is then sampled at a rate of 38 points͞mm over 1 cm, which simulates detection by a CCD array. Ensemble averaging was simulated by summation of 200 intensity distributions. For each intensity distribution the three random phase plates were regenerated, with the phase functions being independent identically distributed random variables. The sampling aperture is then repositioned, and the process is repeated until the entirety of the illuminated area of the diffuser exiting surface has been scanned. Figure 3 shows six representative EAFT distributions from a simulation in which the object had a slit width of 0.25 mm and a slit separation of 3 mm and the width of the sampling aperture was w ϭ 200 m. The noise in the simulated EAFTs is due to the fact that relatively few ensemble elements ͑200͒ could be summed for the simulation. In the following we refer to the field originating at one of the object slits as signal 1 and to the field originating at the other object slit as signal 2. The first sample EAFT ͓Fig. 3͑a͔͒ was acquired from a region where the local spatial frequency of signal 1 is slightly to the left of zero spatial frequency, signal 2 does not contribute appreciably, and the object wave front is nearly planar over the sampling aperture. The following three distributions ͓Figs. 3͑b͒-3͑d͔͒ were acquired from the region where both slits contribute an appreciable amount of light: the local spatial frequency of signal 1 has shifted to slightly right of zero spatial frequency, implying that the phase of signal 1 has passed through a local minimum, and signal 2 con- tributes light at its local spatial frequency, which is to the left of zero spatial frequency. At the other side of the overlap region ͓Fig. 3͑e͔͒, most of the light is contributed by signal 2. The final distribution ͓Fig. 3͑f ͔͒ shows the phase of signal 2 passing through a local minimum, and once again the object wave front is nearly planar over the sampling aperture.
Once the EAFT's are generated, the simulation data are processed in the same manner as optical data. Figure 4 shows the imaging results of a simulation with the object specified by a slit width of 0.25 mm and a slit separation of 2 mm and the following sampling parameters: w ϭ 100 m, 10 samples͞ mm. The image shown in Fig. 4͑b͒ is formed by numerical backprojection of the ensemble-averaged field A͑x͒exp͓ j ͑x͔͒, where A͑x͒ is obtained from the distribution of Fig. 4͑a͒ and ͑x͒ is estimated by use of Eq. ͑2͒ with f lx ͑x͒ equal to the most probable spatial frequencies of the sample EAFT distributions. The data-processing steps leading from the diffused intensity distribution of Fig. 4͑a͒ to the recovered image of Fig. 4͑b͒ are more thoroughly described below.
B. Optical Implementation
For optical imaging experimentation we chose a double-slit object, specified by a slit width of 0.1 mm and a slit separation of 4.25 mm, illuminated by a collimated He-Ne laser beam at normal incidence. Three ground-glass plates, each with a spatialfrequency bandwidth of Ϸ700 mm Ϫ1 and without specular transmission, spaced 5 mm and 14 mm apart, and each rotating at a different speed ͑60 rpm, maximum͒, constituted the diffuser. The object was located 385 mm in front of the diffuser series. Placing the object at a distance from the diffuser entrance surface emphasizes the utility of the recovered phase information, which enables imaging at any plane preceding the diffuser. An f͞2.3, 35-mm-focal-length transform lens fitted with a 100 m ϫ 2.6 mm sampling aperture ͑the sampling assembly͒ was scanned over the scattered field at a sampling rate of 4 points͞ mm. The transform plane ⌺ 1 was reimaged with slight demagnification onto a thermoelectrically cooled CCD array ͑TriStar͒ that digitizes to 14 bits and has 460 pixels, separated by 29 m each. As with all wave-front sensors, we had to calibrate the system by sending in a collimated beam and recording the Fourier transform intensity distribution for each coordinate x of the sampling assembly. The object and diffuser were then inserted, and the EAFT distributions were acquired at each sampling coordinate x by use of a camera-integration time of 500 ms; the diffuser rotation was fast enough that each integration acquired a smooth EAFT distribution.
The ensemble-averaged intensity I͑x͒, which is observed visually on the diffuser exiting surface, was imaged directly by removal of the sampling assembly and adjustment of the reimaging optics. I ͑ x͒ can, in principle, be obtained from the EAFT distributions as the total intensity in the EAFT distribution as a function of x, but we have not yet seen agreement between ensemble-averaged intensity data obtained in this way and that obtained by direct imaging.
The relative I͑x͒ for this experimental arrangement is shown in Fig. 5͑a͒ . For the ensembleaveraged field amplitude we must use the rms amplitude, since it is the speckle intensities that are averaged:
A͑x͒ ϭ A rms ͑x͒ ϭ ͱI͑x͒. (4) As seen in Fig. 5͑a͒ , in this configuration the light from the two object slits appreciably overlaps on the diffuser exiting surface, i.e., the signals from the two slits are poorly resolved on the exiting surface. In the absence of the turbid medium and because of free-space propagation from the object, the object wave exhibits interference fringes in the sampling plane. Figure 6͑a͒ shows the data that enable the recovery of phase information f lx ͑x͒, which in this case are the most probable, or mode, spatial frequencies of the sample EAFT's. Figure 6͑b͒ shows the optically recovered ensemble-averaged phase function ͑x͒ calculated by use of Eq. ͑2͒. Equations ͑4͒ and ͑2͒ contribute to form the ensemble-averaged field A͑x͒exp͓ j ͑x͔͒, which is the input data for a numer- ical Fresnel propagation routine that operates in the frequency domain by multiplication of the transfer function of free space. Figure 5͑b͒ shows the image recovered by backprojection to the object plane. We should add that the image resolution seen in Fig. 5͑b͒ is limited not only by the presence of the turbid medium but also by the fact that the object slits are more than 400 mm away from the sampling plane and the scattered field is sampled over only 10 mm. The resolution would be somewhat improved by an increase in the space-invariant sampling range of the wave-front sensor. The overlap of the scattered fields from the two source slits, as seen in Fig. 5͑a͒ , complicates the processing of the sample EAFT distributions acquired from the overlap region. The actual object wave in the overlap region contains fringes caused by the interference of light from the two object slits, but, for reasons discussed above, it would be difficult and perhaps impossible, even without an obscuring turbid medium, to recover accurately such an object wave. In addition, passage through the turbid medium decorrelates the waves from the two slits, making it difficult to observe any evidence of interference fringes. We found that the ensemble-averaged phase function that is obtained in the overlap region strongly depends on the statistical measure of the sample EAFT's that is chosen for f lx ͑x͒ in Eq. ͑2͒. The traditional processing mode for wave-front sensor data chooses the center of mass of the sample EAFT's for f lx ͑x͒; this results in a smooth ensemble-averaged phase function without the cusp in the overlap region that is witnessed in Fig. 6͑b͒ . Center-of-mass processing has yielded decent recovery of double-slit images in cases in which the scattered fields from the two slits remain well resolved on the diffuser exiting surface. However, when the scattered fields are poorly resolved, as in the distribution shown in Fig. 5͑a͒ , choosing the center of mass of the sample EAFT's leads to an ensemble-averaged phase function ͑x͒ that backprojects to a fallacious image, specifically, to the image of a single slit located somewhere between the actual slits. Therefore we experimented with the use of several alternative statistical measures of the sample EAFT's, mainly the most probable, or mode, frequency. Selecting the mode of the sample EAFT's for f lx ͑ x͒ incurs several disadvantages: susceptibility to noise and preterition of the light contributed by the weaker of the two signals at each sampling coordinate, which results in a form of spatial filtering that diminishes the resolution in the recovered image. Despite these limitations, we found that choosing the mode of the sample EAFT's leads to an ensemble-averaged phase function ͑x͒ that backprojects to an image that is only slightly degraded ͓Fig. 5͑b͔͒ in situations in which choosing the center of mass of the sample EAFT's completely fails.
Discussion and Conclusion
Detailed analysis of the ensemble-averaged ShackHartmann imaging technique suggests that the ensemble-average spatial coherence of the field emerging from the diffuser is central in determining the quality of the image that can be recovered. The technique is carried out with spatially coherent illumination at the entrance surface of the diffuser, and the field across the exiting surface is fully coherent for each ensemble element. However, the averaging process generally reduces this coherence, and this reduction manifests itself in two related ways. First, consider two plane waves incident on the scattering medium at different angles. Because the light of each plane wave traverses a different path through the scatterer, the speckle pattern at the exiting surface resulting from one must be nearly uncorrelated with that resulting from the other, which will also be true in the Fourier transform plane. This is in contrast to the situation that prevails when the Labeyrie method of speckle interferometry is applied to imaging through a turbulent medium, such as the Earth's atmosphere. 12 In this case the low spatial-frequency content of the turbulent medium produces a pair of speckle patterns that can be highly correlated, providing a method for measurement of the autocorrelation function of the intensity distribution of the source. From this measure the object distribution can be deduced in the case of a two-point object and even for a more general object when the Fienup phase-retrieval methods are applied. 13 Second, we consider the ensemble-average coherence function on the exiting surface of the diffuser. If the scattered field is incoherent, i.e., if there is no coherence between points on the exiting surface that are separated by more than the wavelength of the illumination, then the surface must be a Lambertian radiator, and there can be no average ray direction of the scattered light other than in the forward direction normal to the surface. Thus, for constructing an ensemble-averaged phase function other than that of a plane wave normal to the surface of the diffuser, some degree of coherence, however small, is required in the ensemble-averaged field. Similar considerations suggest that the ensemble-averaged intensity distribution ͑the point-spread function͒ similarly degrades in the absence of residual coherence. Lacking coherence in the scattered field, the point-spread function on the exiting surface degrades to that of traditional diaphanography. From this viewpoint the purpose of selecting first-arriving light in timegating techniques is to increase the coherence of the scattered field.
Wave-front sensors have been employed in astronomical imaging to gauge phase aberrations introduced by the atmosphere. The sensor data are used to control an adaptive optical device that compensates for aberrations caused by atmospheric turbulence, and conventional optics are then used to image the corrected wave. For imaging through turbid media, which scatter much more severely than the atmosphere, we have used ensemble averaging to overcome the massive phase noise, while a wavefront sensor performs the imaging. A similar technique that uses a lenslet array imaging wave-front sensor might be useful for certain astronomical applications.
We have developed a technique for ensembleaveraged imaging, which is a form of ShackHartmann wave-front sensing. Wave-front sensing is an alternative to interferometry; likewise, this technique is an alternative to the holographic approach to ensemble-averaged imaging. We have used the technique to resolve optically two-slit sources from two unresolved scattered signals or point-spread functions by appropriate processing of the sample ensemble-averaged Fourier transform distributions. More sophisticated data processing should improve the imaging capability of the technique.
